C. The first-principles calculations are consistent with our experimentally observed structural and magnetic properties. They also provide insight on how the magnetic and electronic structures change when Ru is replaced with Co in Mn 2 RuSn. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
Mn-based Heusler compounds have attracted significant attention because of their multifunctional properties including half-metallic high temperature ferri-and ferromagnetism, [1] [2] [3] [4] and shape memory effect. 5, 6 Some of the Mn-based alloys including Mn 3Àx Ga (x ¼ 2-3) crystallize in a tetragonal structure with high perpendicular magnetic anisotropy (PMA) and high spin polarization at the Fermi level showing huge potential for the spin transfer torque (STT)-based non-volatile memory and logic devices. 2, 7 An ideal material for STT-based spintronic devices should exhibit high PMA combined with high spin polarization at the Fermi level and low net magnetization, the latter to minimize field effects. 2 Recently, an interesting materials property, namely, spin gapless semiconductivity has been reported in another Mn-based Heusler compound Mn 2 CoAl. 8 In spin gapless semiconductors, not only electrons but also holes are 100% spin polarized and the spinpolarized electron-conduction can be tuned between p-type and n-type by adjusting the gate voltage, offering a superior device performance as compared to that of half metals and diluted magnetic semiconductors. 9, 10 One of the main issues with these materials is the site disorder, where two or more atomic species tend to occupy the same set of Wyckoff positions, which is detrimental to half metallicity. 11, 12 In general, the regular Heusler compounds (X 2 YZ) crystallize in the cubic L2 1 structure (prototype-Cu 2 MnAl, space group Fm 3m, No.225), where X, Y, and Z atoms, respectively, occupy the Wyckoff's 8c (1/4,1/4,1/4), 4b (1/2,1/2,1/2), and 4a (0,0,0) positions. Some of the Mn-based compounds also crystallize in the inverse Heusler structure (Prototype-CuHg 2 Ti, Space group F 43m, No. 216), where X atoms are located at the Wyckoff's 4a (0, 0, 0) and 4d (3/4, 3/4, 3/4) positions, while the Y and the Z atoms are located at 4b (1/2, 1/2, 1/2) and 4c (1/4, 1/4, 1/4) positions, respectively. However, in practice, many of these Heusler compounds crystallize either with partially disordered B2-type (half of the Y and Z atoms interchange their positions, where the 4a and 4b sites become equivalent) or fully disordered A2-type (X, Y, and Z atoms are randomly distributed at all available lattice sites) phase. 11 Therefore, it is very important to identify novel Heusler compounds in which the electronic band properties are less sensitive to disorder. Our interest is to investigate one of such compounds Mn 2 RuSn, which is predicted to be less sensitive to B2-type disorder. 13 Mn 2 RuSn has been reported to crystallize in the inverse Heusler structure (XA structure). 13, 14 However, experimentally only a disordered phase (L2 1 B) has been synthesized. 15, 16 It has been predicted that this material can show a half-metallic band structure (100% spin polarization) for the lattice parameter a from 5.9 Å to 6.1 Å , which is slightly smaller than the experimentally observed value of 6.21 Å . 13, 16 The experimental values of the saturation magnetization and Curie temperature of bulk Mn 2 RuSn are 1.68 l B /f.u. and 272.1 K, respectively. 16 Our goal is to investigate how the structural, magnetic, and electronic band properties of Mn 2 RuSn change when a fraction of Ru is replaced with Co atoms of smaller atomic sizes. Here, we present our experimental investigations on Mn 2 
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
The Mn 2 Ru 1-x Co x Sn (x ¼ 0.5, 0.65) nanomaterials in the form of ribbons were prepared using arc-melting and melt-spinning. The ribbon samples were synthesized by ejecting induction-melted solutions of Mn 2 Ru 1Àx Co x Sn onto the surface of a copper wheel rotating with a speed of 28 m/s in a chamber filled with highly pure argon. In order to investigate the effect of annealing on the crystal structure and magnetic properties, the ribbons were annealed in a tubular furnace pumped to a base pressure of about 10 À7 Torr at temperatures 250 C and 450 C for 2 h. The elemental compositions were confirmed using energy dispersive x-ray spectroscopy (EDX), which showed that the compositions were close to the estimated values within an error of 0.1 at. %. The structural properties of the samples were studied by x-ray diffraction (XRD) using a Rigaku MiniFlex with a copper source. The magnetic properties were investigated with a Quantum Design VersaLab magnetometer and a SQUID magnetometer. The Rietveld analysis of the x-ray diffraction patterns was done using TOPAS software. 17 In order to better interpret the experimental results, we have performed the electronic band-structure calculations of bulk Mn 2 RuSn and Mn 2 Ru 0.5 Co 0.5 Sn in cubic phase. We have performed density-functional calculations using the projector augmented wave method (PAW) by Bl€ ochl, 18 implemented by Kresse and Joubert in the Vienna ab initio simulation package (VASP) 19 within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA). 20 The MethfesselPaxton integration method 21 with a 0.05 eV width of smearing is used, along with a plane-wave cut-off energy of 500 eV and convergence criteria of 10 À3 meV for the total energy calculations. A 12 Â 12 Â 12 k-points mesh is used for the Brillouin zone integration.
III. EXPERIMENTAL RESULTS

A. Structural properties
The room-temperature XRD patterns of the Mn 2 Ru 0.5 Co 0.5 Sn and Mn 2 Ru 0.35 Co 0.65 Sn ribbons are shown in Figs. 1(a) and 1(b), respectively. These figures also include the patterns from corresponding samples annealed in vacuum furnace at 250
C and 450 C. Almost all intense peaks in the XRD patterns are indexed with the reported standard patterns for Mn 2 RuSn alloy in the cubic L2 1 B-type crystal structure. 16 In order to further understand the crystal structure and alloy phases, we have carried out the Rietveld analysis of the XRD patterns using TOPAS software. Initially, we compared simulated powder diffraction patterns based on structure models of L2 1 A, XA, and L2 1 B-types of atomic ordering with the experimental diffraction pattern. A clear distinction between these structures is only possible based on the analysis of very weak Bragg reflections such as (111), (200), (222) and (420), making the process extremely difficult. However, our preliminary analysis suggested that the structure may be more towards the The simulated powder diffraction patterns and corresponding experimental patterns for the as prepared samples are shown in Fig. 1(c) . The lattice parameters and densities of the alloys as obtained from the Rietveld analysis are shown in Table I . The grain sizes in the ribbons as determined from the Rietveld analysis of the XRD patterns for both the samples are about 70 nm indicating that the rapidly quenched ribbons consist of nanostructured materials.
The structural properties including crystal structure and grain size of these alloys are highly stable against vacuum annealing of up to 450 C, although there is a noticeable decrease in the lattice parameter. The decrease in the lattice parameter is consistent with the fact that Co atoms with relatively smaller atomic sizes partially replace the Ru atoms in the Mn 2 RuSn lattice. Further, there are a few unindexed peaks in the XRD patterns of the cobalt-rich samples, which have been identified as the reflections from Mn 2 Sn impurity phase. The fraction of this phase from Rietveld analysis has been estimated to be $7 wt. %.
B. Magnetic properties
The magnetizations as a function of magnetic field M(H) measured at room temperature for Mn 2 The huge increase in the Curie temperature of Mn 2 RuSn as a fraction of Ru is replaced with Co indicates that the presence of Co in the Mn 2 RuSn lattice significantly strengthens the positive exchange interaction suppressing the antiferromagnetic interaction. Both the samples show a small decrease in the Curie temperature due to vacuum annealing (see Table II ). This may be caused by the thermal rearrangement of the magnetic atoms in the Mn 2 RuSn lattice modifying the interaction among these atoms. Fig. 4(a) ); (ii) the L2 1 B structure, 13 where Mn and Ru atoms occupy 4a and 4b sites randomly, as shown in Fig. 4(c). Figures 4(b) and 4(d) show corresponding structures with Co doping, i.e., Mn 8 Ru 2 Co 2 Sn 4 . Further, our calculations also show that Mn 2 RuSn can undergo a phase transition to tetragonal structure consistent with the recent report, 13 but in the present electronic and magnetic structure calculations we do not consider a tetragonal symmetry because our samples are cubic according to the XRD results.
IV. FIRST-PRINCIPLES CALCULATIONS
We have calculated the equilibrium lattice parameters of Mn 2 RuSn alloy for both the structures, with and without Co. Fig. 5 shows the energy versus lattice constant for XA structure. The behavior of the energy vs. lattice constant for the L2 1 B structure (not shown here) is identical (within the precision of our calculation) to that of the XA structure, which is also consistent with the previously reported results. 13, 14 This indicates that a certain degree of disorder between 4a and 4b sites is possible for the Mn and Ru atoms consistent with our Rietveld analysis of XRD patterns. As shown in Fig. 5 , the equilibrium lattice constants are, respectively, a ¼ 6. (Fig. 6(b) , right panels), replacing 50% of Ru with Co in Mn 8 Ru 4 Sn 4 not only reduces the lattice constant, but also moves the transition to half metallicity to even lower lattice constant of about 6.0 Å . Concerning the half metallicity, we have observed almost similar behavior for the L2 1 B structure as well (see Fig. 7 ).
As one can see from Figures 6 and 7 , the dominant contribution to DOS at the optimal lattice constant around the magnetic moment of Mn 8 Ru 2 Co 2 Sn 4 in L2 1 B structure (1.8 l B /f.u.) is very close to that in the XA structure indicating that the Co substituted samples are less sensitive to the structural disorder as compared to Mn 2 RuSn. Thus, we see that replacing a fraction of Ru with Co results in significant suppression of the antiferromagnetic interaction, and favors positive exchange interactions without producing any noticeable change in the crystal structure. We also see that replacing larger fraction of Ru with Co should increase the total magnetic moment consistent with our experimental results. C. Our firstprinciples calculations support the experimental findings. In particular, we confirm the experimental lattice parameters for Mn 2 RuSn and Mn 2 Ru 0.5 Co 0.5 Sn, as well as their ferrimagnetic alignment. We also show that replacing a fraction of Ru with Co significantly suppresses the antiferromagnetic interaction, thus favoring positive exchange interactions. Also, we find that the magnetic and electronic band properties of Mn 2 Ru 0.5 Co 0.5 Sn are less sensitive to disorder than those of Mn 2 RuSn. These results are interesting scientifically and also suggest that Mn 2 Ru 0.5 Co 0.5 Sn may have potential for above-room-temperature technological applications. 
